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Preliminary report on a catalyst derived from induced cells
of Rhodococcus rhodochrous strain DAP 96253 that delays
the ripening of selected climacteric fruit: bananas, avocados,
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Abstract Despite the use of refrigeration, improved
packaging, adsorbents, and ethylene receptor blockers, on
average, nearly 40% of all fruits and vegetables harvested
in the US are not consumed. Many plant products, espe-
cially fruit, continue to ripen after harvesting, and as they
do so, become increasingly susceptible to mechanical
injury, resulting in increased rot. Other plant products
during transportation and storage are susceptible to chill
injury (CI). There is a real need for products that can delay
ripening or mitigate the effects of CI, yet still permit full
ripeness and quality to be achieved. Preliminary results are
discussed where catalyst derived from cells of Rhodococ-
cus rhodochrous DAP 96253, grown under conditions that
induced high levels of nitrile hydratase, were able to extend
the ripening and thus the shelf-life of selected climacteric
fruits (banana, avocado, and peach). A catalyst, when
placed in proximity to, but not touching, the test fruit
delayed the ripening but did not alter the final ripeness of
the fruit tested. Organo-leptic evaluations conducted with
control peaches and with peaches exposed to, but not in
contact with, the catalyst showed that the catalyst-treated
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peaches achieved full, natural levels of ripeness with
respect to aroma, flavor, sweetness, and juice content.
Furthermore, the results of delayed ripening were achieved
at ambient temperatures (without the need for refrigeration).
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Immobilized bacteria - Rhodococcus - Nitrile hydratase

Introduction

The US Department of Agriculture estimates that on
average 40% of all produce harvested in the US is not eaten
because it is considered unsuitable/unfit for consumption
by the consumer. A major cause of this problem is that
ripening-events result in a loss of mechanical integrity,
which renders the produce more susceptible to mechanical
injury, and thus to decay. The major approach to address-
ing this problem has been through the use of refrigeration
and/or controlled atmospheres. While refrigeration is of
long-standing use, chill-injury (CI) is a major problem with
this approach, where many fruit/vegetables experience
deleterious changes when exposed to low, non-freezing
temperatures. Recent approaches to extending ripening
have been through the use of chemicals such as the eth-
ylene analog 1-methylcyclopropene (MCP) [13], which
serves to competitively and irreversibly block the ethylene
receptor in plants [1-3, 7, 20]. Genetic engineering
approaches to either alter ethylene synthesis or render the
plant more insensitive to ethylene [9, 10], or through the
use of chemical absorbents/reactants. None of these recent
approaches is either universally applied or appropriate.
While MCP is used in conjunction with >80% of the apples
grown in the US, certain apple varieties such Pink Lady
and Fuji do not respond to MCP [14]. It is also noted,
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for example, that where MCP is used with apples, no
additional benefits to ripening are noted because MCP
binds irreversibly to the ethylene receptor [12]. As a result,
full ripening (and therefore taste, aroma, etc.) is not gen-
erally achieved, affecting consumer appeal. Of additional
concern, where MCP is used with apples, refrigeration
(with its attendant increased energy consumption and cost)
is still employed. Genetic engineering approaches, in
general, have issues related to consumer perception.
Absorbents/reactants must be present in sufficient quantity
to work effectively or they will fail.

In a recent survey conducted by The Sterling-Rice
Group [22], involving 1,552 consumers designed to
determine why despite the appeal of fresh fruit and vege-
tables, peach consumption was actually down in California,
showed that lack of taste, softening, and decay were the
major factors for consumers not selecting peaches.

There is a clear need/utility for approaches that delay/
extend the natural ripening process, thereby improving
transportation and distribution but without altering or
reducing consumer appeal and also that do not raise issues
of perception by the consumer.

Recently we have discovered methods and approaches
[16—-18] derived from natural, environmental soil micro-
organisms to prepare biologically derived catalysts that
delay the plant ripening process but which permit full
ripeness to be obtained. This study presents the results of
our investigation into and the potential utility of this cat-
alyst to delay plant ripening using selected fruit (peaches,
bananas, and avocados).

Materials and methods

Unless otherwise stated, all chemicals were obtained from
Sigma—Aldrich (St. Louis, MO).

Maintenance and cultivation of cells

Cells of Rhodococcus rhodochrous DAP 96253 were
grown on YEMEA medium (ISP medium 2 as recom-
mended by Dietz and Thayer [5] supplemented with urea
(7 g/l), cobalt (as CoCl, at 10-50 ppm) and asparagine
(1,000 ppm), cells were then harvested and reconstituted to
a 20x cell concentrate and used to prepare fresh catalyst or
stored frozen at —20 or —80°C until needed.

Alternatively, cells were grown on either the R2A or
R3A media of Reasoner and Geldreich [19], modified by
supplementation with urea, cobalt, and asparagine as
above, and with proteose peptone and casamino acids being
replaced by Hy-cotton® 7803 (Quest International, Hoff-
man Estates, IL) and yeast extract, respectively, to provide
an animal-free medium.
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The microorganism reported in this study, Rhodococcus
rhodochrous DAP 96253, has been deposited with the
ATCC (Manassas, VA) [16-18] and has been subsequently
assigned the strain designation ATCC 55889.

Immobilization of whole cells

Cells of Rhodococcus rhodochrous strain DAP 96253 were
immobilized with glutaraldehyde based upon the methods
of DeFilippi [6] and Lopez-Gallego et al. [11] to obtain a
matrix comprising glutaraldehyde cross-linked DEAE
cellulose.

Appropriately grown (induced or non-induced cells)
were harvested by centrifugation (8,000 rpm for 10 min
and 4°C), resuspended in two volumes of sterile 50 mM
phosphate buffer (pH 7.2) and re-centrifuged, as above two
more times. Packed cell wet weight was determined after
the final centrifugation, and the cells were then resus-
pended to achieve a 20x cell concentrate. Aliquots of
resuspended cells were subjected to loss on drying at
105°C to determine dry cell weights, which were correlated
with the packed cell weights. Equal amounts of cells and
DEAE-cellulose were mixed and resuspended in DI water.
Glutaraldehyde (25% solution) was added, with continuous
stirring, to achieve a final glutaraldehyde concentration of
0.5%. Upon achieving the desired glutaraldehyde concen-
tration, the solution was allowed to mix for an additional
hour. Four volumes of DI water were then added. While
this solution was still mixing, polyethylenimine (50%
solution of MW 750,000, PEI) was added slowly until
flocculation. The immobilized cells were filtered and then
extruded through an orifice to obtain pieces of nominal
2-3 mm diameter. The particles were allowed to dry
overnight prior to use.

Enzyme assays
Nitrile hydratase (acrylonitrile specific NHase)

NHase was quantified using 1,000 ppm (v/v) acrylonitrile.
Cells, equivalent to [40 mg of cells (packed wet wt.)], were
suspended into 1 ml of 50 mM phosphate buffer (pH 7.2)
and combined with a 9-ml reaction solution containing the
acrylonitrile and mixed for 2 min at 30°C. For glutaral-
dehyde immobilized cells, the reaction mixture was filtered
through a 0.45-um filter. For cells, the reaction mixture was
acidified to pH 2 to stop the reaction, and then the solution
was neutralized and centrifuged for 2 min at 13,000 rpm.
The supernatant was pipetted into clean Eppendorf® tubes.

To ensure complete amide conversion to acid and
ammonia, commercial amidase (1,000 units/440 pl, stored
at —20°C) was added. A working amidase solution was
prepared by making a 1:50 dilution of the original amidase
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solution, 10 pl of this working solution was added to each
sample to affect the rapid conversion of the amide to its
corresponding acid and ammonia, followed by vortexing
for 30 s. These tubes were incubated at 37°C for 30 min.
Ammonia was determined by modification of the
method by Fawcett and Scott [8]. The converted amide
solution was transferred to 15-ml glass test tubes to which
2 ml of sodium phenate was added followed by the addi-
tion of 3 ml 0.1% aqueous sodium nitroprusside and 3 ml
0.02 N sodium hypochlorite (Clorox, 6.15%). This result-
ing solution was mixed by vortexing lightly. Color devel-
opment was achieved by incubation of the tubes in the dark
at 27°C for 30 min. After color development, the tubes
were vortexed again and the OD was read at 630 nm for
10 s using a microplate reader (Victor 1420 multilabel
counter, Perkin-Elmer Life Sciences, Shelton, CT). Each
sample was read in triplicate and the data then averaged.

Amidase and asparaginase

Amidase and asparaginase activity were measured using a
modification of the method of Fawcett and Scott [8] for the
determination of ammonia as described above except that
1,000 ppm acrylamide and 1,000 ppm asparagine, respec-
tively, were used as substrate.

Evaluation of catalyst for delayed ripening activity
Fruit samples

Banana, avocado, and peach were used to evaluate the
delayed ripening activity of the bacterial-derived catalyst.
All bananas and avocados used in the studies were obtained
from readily available commercial sources. Documentation
regarding the processing history and transportation condi-
tions (including nature of controlled atmosphere) was not
available for either bananas or avocados. Bananas were
either obtained in large hands (with 12—-16 bananas each)
and then split into two equal hands or in hands of 6-8
bananas, which were grouped to achieve similar appear-
ance, color, etc., and then representative hands were used
as controls or as experimentals accordingly. Avocados
were grouped accordingly to size, shape, color, and overall
appearance, and then split equally into control and exper-
imental groups. Peaches (through the assistance of the
Georgia Peach Council and the Georgia Agribusiness
Council) were obtained directly from the growers/distrib-
utors. Peaches were picked and processed the same
morning the fruit went on test. With respect to all Georgia
peaches evaluated, extensive documentation was available
regarding where the peach varieties came from, growing
conditions, all processing steps and conditions, and grad-
ing. When evaluating peaches, only a single variety was

evaluated at a time. Grade 1 peaches, of consistent size,
shape, color, and with no blemishes or imperfections were
used to provide similar peaches for controls and
experimentals.

Imaging ripening changes

Digital color images were obtained over the course of an
experiment for all fruit evaluated. Imaging was achieved
using a Nikon F3 Digital camera with fruit samples illu-
minated using OTT (x32 natural light bulbs).

Other fruit measurements

Representative peaches were also evaluated for skin sur-
face strength upon receipt with the aid of a stand-mounted
Effegi Penetrometer (Model 011, QA Supplies, Norfolk,
VA) according to the method of Crisosto and Garner [4]
and the manufacturer. Rapid loss of skin integrity/flesh
strength in the control peaches resulted in penetrometer
values well below the accepted range for the penetrometer,
and as a result, skin strength test measurement could not be
used over the course of the experiment to gauge loss of
integrity. Representative peaches were taken over the
course of the experiment and cut open in order to obtain
longitudinal slices according to the methods outlined by
Crisosto and Garner [4] in order to obtain representative
juice samples for both pH and Brix determinations. Brix
was determined by using an AO model 253 refractometer
(AO, Rochester, NY) according to the method of Crisosto
and Garner [4].

Determination of carbohydrate in fruit
by the anthrone method

Carbohydrate in fruit was determined by the anthrone
method using a variant of the Spiro [21] modification of the
method of Ludwig and Goldberg [12], which was adapted
from the method of Morris [15].

Triplicate longitudinal samples (10 g) were taken from
each fruit placed in a 50-ml tube on ice containing 10 ml of
DI water and the sample crushed. The sample was then
centrifuged at 4,000 rpm in a Sorvall RC2b centrigure for
10 min at 4°C. Triplicate 1.0 ml samples of the supernatant
were transferred to 1.5 ml Eppendorf® tubes and centri-
fuged for 10 min at 13,000 rpm in an Eppendorf® micro-
centrifuge. The supernatant was transferred to fresh tubes
and serial dilutions were made (up to 103). Glucose,
100 pg/ml prepared from a 1 mg/ml stock solution, was
used as the standard.

Anthrone reagent was prepared fresh by dissolving
200 mg of anthrone in 100 ml of 75% sulfuric acid.
Samples (1 ml) to be analyzed were placed in glass tubes to
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which 5 ml of the anthrone reagent was added with mixing.
The tubes were placed in a 100°C water bath for 3.5 min,
removed, allowed to cool, and then the absorbance was
read at 625 nm.

Only a limited number of tests were performed using
avocados as the entire avocado had to be sacrificed (cut in
half) to obtain an image that clearly showed the effects of
ripening on the avocado.

Viability of glutaraldehyde-immobilized cells

Duplicate samples (1 g) of immobilized cells (2-3 mm
particles) were ground and then re-suspended with 10 ml of
sterile 50 mM phosphate buffer (pH. 7.0). Both dilutions
and actual ground matter (triplicate) were plated, in
duplicate on to YEMEA and R2A agars. Dilutions were
plated by spread-plate technique and ground matter was
plated by pour-plate techniques. Plates were incubated at
30°C for 14 days. The above procedure was repeated with
three separate batches of glutaraldehyde-immobilized cells.
Viable cells of R. rhodochrous DAP 96253 were not
recovered from any of the samples (data not shown).

Testing of delayed ripening

Fruit to be tested was placed in bags (commercially
available brown kraft paper bags). For bananas, hands
containing 6—8 bananas were used. The number of peaches
(6-8) used was based on the size of the peaches so that
there was no contact between any of the peaches or the
sides of the bag. Avocados (8) were similarly placed so that
there was no contact between any of the avocados or the
sides of the bag. Immobilized catalyst (prepared as
described above) was placed in a small glass dish, which in
turn was placed into the bags so that there was no contact
between any of the peaches or the sides of the bag. The
tops of the bags were folded over 3x and held in place with
three metal chromatography clamps (5 cm). Humidity in
the bags was maintained >90%; <100%. All tests were
conducted at 25-27°C. Controls included test fruit with no
catalyst present and fruit exposed to catalyst made with
non-induced cells.

Initial interpretations were based on photographic ima-
ges of ripening changes. Bananas and peaches were also
tested for firmness using the appropriate penetrometer for
that fruit [4]. In addition, peaches were tested for sugar
content (BRIX) and acidity. (As BRIX and acidity mea-
surement are destructive of the peach, all the peaches in
that set were sacrificed. As a result, additional experimental
and control sets for peaches had to be prepared in the
beginning to account for the amount of fruit sacrificed over
the course of an experiment.) Subsequently, carbohydrate
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by anthrone was also determined along with BRIX and
acidity.

Catalyst-impregnated paper

Samples of commercially available, creped paper (100 g/
mm?, 20.3-cm diameter) were impregnated with an
equivalent of 120-200 mg (cell dry weight of induced or
non-induced cells). The impregnated papers were then used
to wrap selected peaches, which were tested as above. Non-
impregnated paper was used as a control.

Results

Catalyst derived from cells of R. rhodochrous strain DAP
96253 grown on YEMEA supplemented with cobalt, urea,
and asparagine showed the greatest impact in delayed
ripening of the fruits tested in this study. It was also noted
that cells of R. rhodochrous. strain DAP 96253 when
grown on YEMEA supplemented with cobalt urea, and
asparagine had the highest levels of NHase. Table 1
shows a comparison between NHase-induced and non-
induced cells of strain DAP 96253 for NHase and
amidase.

Figures 1, 2, 3, and 4 show images representative of
catalyst-treated and non-treated peaches, avocados, and
bananas. In all cases, those fruit exposed to the prepared
microbial catalyst showed a visibly evident delayed rip-
ening response over the controls. For all initial evaluations
with peaches, firmness, as determined by penetrometer,
sugar content (Brix) and pH also were measured over time.
All peaches tested were picked as firm, ripe fruit, and all
had acceptable penetrometer values for firm, ripe peaches
(6-1bs) and Brix values ranging from 11 to 13. For all the
peaches of the Big Red Variety (images shown in Fig. 1),
controls and experimental, the initial firmness was 6 Ibs,
the pH 4.0 and Brix 11-12. However, the surface integrity/
strength of the control peaches degraded rapidly to the
extent that the penetrometer could not be used to reliably

Table 1 Effect of induction on NHase and amidase in Rhodococcus
rhodochrous 96253

NHase  Amidase
YEMEA only <20 <1
YEMEA supplemented for NHase induction®  >100 44

All enzyme values reported as specific activity, where 1 U is equiv-
alent to 1 pmol of substrate converted per min per mg cell dry-weight
at pH 7.0 and 30°C

* Supplemented with urea (7.0 g/1), cobalt (CoCI2 at 10 ppm Co),
and asparagine (1,000 mg/l)
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Fig. 1 a Images of non-treated Big Red variety peaches and b Big Red peaches nested in catalyst-impregnated wrapping paper both (a) and
(b) after 6 days at ambient temperature and with humidity control

Fig. 2 Images of representative non-treated and treated avocados. In both cases, the fruit was placed in proximity (5 cm) to the immobilized
catalyst. Images shown are a non-treated and b treated, both after 7 days at ambient temperature and with humidity control

Fig. 3 Images showing comparison of control, non-treated bananas (a) with bananas placed in proximity to immobilized catalyst (5 cm) (b) both
after 7 days at ambient temperature and with humidity control

measure integrity/strength, making comparisons with the  initial pH of 4.0. The Brix content of the control peaches

treated peaches not possible. The pH values for control and  achieved 13-14 and in some cases began to decline by the
experimental peaches were essentially unchanged from the  end of the comparison experiment (Fig. 1).
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Fig. 4 A comparison of test
bananas (a) with control
bananas (b) placed in proximity
to immobilized catalyst after

8 days at ambient temperature
and with humidity control

In subsequent testing involving Big Red peaches, both
Brix and anthrone-carbohydrate were determined and the
results compared. Prior to initiating this test, all peaches
had; firmness (7 1bs), Brix (14-15), carbohydrate by
anthrone (76-98 mg/ml) and pH (4). At the termination of
the experiment, all control peaches had lost all firmness
and were mold covered. At that point the control peaches
all showed: Brix 17-18, carbohydrate by anthrone
(167 mg/ml) and pH 4; whereas the peaches exposed to the
catalyst had Brix 16-17, and carbohydrate by anthrone
(136 mg/ml). The peaches exposed to the catalyst eventu-
ally reached Brix and anthrone levels as high if not higher
than the control peaches while retaining good firmness.

Organo-leptic evaluation was conducted using those
peaches exposed to (but not in contact with) the catalyst.
The organo-leptic evaluations of the catalyst-treated pea-
ches indicated levels of sweetness, aroma, taste, and texture
consistent with that seen in naturally full-ripened peaches.
These organo-leptic evaluations were seen on catalyst-
treated peaches up to one full week after the control pea-
ches had to be discarded.

While the results of the experiments employing avoca-
dos were encouraging, only a limited number of experi-
ments were conducted. Because the ripening of avocados
was not really apparent from the external appearance of the
fruit, it was necessary to sacrifice the entire fruit to obtain
an internal image. As a result, many avocados were
required for each experimental set.

Conclusions
The preliminary tests as performed clearly showed that

non-replicating immobilized (glutaraldehyde cross-linked)
cells made from NHase-induced cells of R. rhodochrous
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strain DAP 96253, clearly delayed the ripening of avoca-
dos, bananas, and peaches. Most importantly, the catalyst
did not have to be in contact with the test fruit samples to
affect delayed ripening. The results also showed that cells
induced for NHase (as described above) had the greatest
effect on delayed ripening for all fruit tested versus catalyst
derived from cells of R. rhodochrous strain DAP 96253
grown with other growth conditions.

Where multiple varieties of peach were evaluated, the
tests all showed that those peaches either treated with or
exposed to catalyst showed a ripening delay of 5-7 days
over that of the control peaches. While these preliminary
experiments are very encouraging, experiments using lar-
ger numbers of samples are needed in order to establish
statistical significance. These larger evaluations, in addi-
tion to all of the tests performed in this study, will also
include chemical analysis of the flavor and aroma com-
pounds and titratable acidity. Organo-leptic evaluations
involving peaches where the catalyst was in proximity to
the peach but where there was no contact, showed that the
catalyst-treated peaches achieved a level of ripeness (as
determined by taste, aroma, texture, sweetness, and level of
juice) consistent with that seen in naturally fully ripened
peaches. Additional appropriate organo-leptic evaluations
will be conducted after IRB (human subjects) approval has
been obtained for those samples where the catalyst and
produce are in direct contact.

This catalyst does not need to touch the fruit or produce
to affect delayed ripening. Experiments conducted over
several seasons with multiple varieties of peaches have
clearly shown that the shelf life can be extended from 7 to
10 days over that seen with control peaches. Furthermore,
those peaches exposed to the catalyst achieve full ripeness
and desirability. A most interesting observation from the
experiments conducted was that the delayed ripening was
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achieved at ambient temperatures. The potential energy/
cost savings for holding and transporting fruits and vege-
tables could be quite significant if refrigerated condition, at
current practice levels, is not required.

Additional work is also required to further optimize the
catalyst production and performance. Finally, experiments
that fully elucidate the mechanism(s) by which the induced
Rhodococcus cells delay ripening in climacteric plants
must be completed.

Because of their essentially year-round availability and
for the readily apparent visual documentation of ripening
and decay changes, bananas served as a routing model fruit
for our experiments. However, because of the lack of
documentation/processing history and source information
available for the commercial bananas, the results of the
experiments with bananas must be interpreted with care. As
a result, commercial bananas were used to establish trends
and general conditions. For experimental purposes, the
fresh peaches obtained in Georgia were preferred because
of the full documentation as to source, processing, grading,
handling, transportation conditions, and packaging.
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